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VALIDATION OF A RESEARCH SIMULATOR FOR INVESTIGATING JET 

TlUNSPORT HANDLING QUALITIES AND AIRWORTHINESS 

C R I T E R I A  DURING TAKEOFF 

By Charles T. Jackson, Jr., and C. Thomas Snyder 
Ames Research Center 

SUMMARY 

A fixed-base simulator w i t h  an ex terna l  v i sua l  d i sp l ay  w a s  used t o  
simulate a cur ren t  t u rbo je t  t ranspor t  throughout the range of c e r t i f i c a t i o n  
takeoff maneuvers. The r e s u l t i n g  d a t a  and p i l o t  opinions were then compared 
t o  the  a c t u a l  f l i g h t  t e s t  d a t a  fo r  t h a t  a i r c r a f t .  Correlat ion w a s  achieved 
between these  data ,  and p a r t i c i p a t i n g  p i l o t s  agreed as t o  the  dupl ica t ion  of 
the  performance and " fee l"  of the  a i r c r a f t .  
ind ica ted  the  requirements f o r  (1) va l id  aerodynamic d a t a , i n  pa r t i cu la r ,  
ground e f f e c t  da ta ,  (2)  la teral  motion of the cockpit  f o r  tes ts  involving 
asymmetric t h r u s t  where the  recogni t ion of engine f a i l u r e  i s  important, 
(3 )  good response of the  simulator v i sua l  display.  

The simulator development program 

and 

INTRODUCTION 

C i v i l  a i r c r a f t  must meet a i rworthiness  standards se t  by the  Federal  
Aviation Agency (FAA). 
t i o n  tes ts  ( r e f s .  1 and 2)  may be required t o  in su re  standards of sa fe ty ,  
r e l i a b i l i t y  and r e p e a t a b i l i t y  t h a t  p ro tec t  the  t r ave l ing  publ ic  and ye t  are 
t echn ica l ly  a t t a inab le .  Supersonic t ranspor t s  w i l l  have unique charac te r i s -  
t i c s  and requi re  supplementary standards.  P i lo t ed  s imulators ,  which have 
proven t o  be use fu l  f o r  t h e  s tudy of general  handling q u a l i t i e s  ( r e f s .  3 t o  5), 
would appear t o  be usefu l  i n  def in ing  the  r e l a t i v e  importance or app l i cab i l -  
i t y  of various c e r t i f i c a t i o n  c r i t e r i a  and t o  enable s tudy of the  s i g n i f i c a n t  
var iables .  The simulator could be used as a t o o l  t o  guide f l i g h t  t e s t i n g  
and f o r  exposing poss ib le  areas  of d i f f i c u l t y  during the  design and develop- 
ment of SST a i r c r a f t .  I n  l a te r  s tages  of SST development the  simulator would 
be used t o  f ami l i a r i ze  f l i g h t  crews and t o  provide design information f o r  SST 
operat ional  f l i g h t  t r a i n e r s  ( ref .  6) .  

A s  new types of a i r c r a f t  are designed, new c e r t i f i c a -  

A simulator intended f o r  inves t iga t ing  t h e  f l y i n g  q u a l i t i e s  of an 
a i r c r a f t  s t i l l  i n  t h e  design s tage  should f i r s t  be  va l ida ted  using a w e l l -  
documented a i rp l ane  as a reference.  I n  t h i s  way, inadequacies and programming 
e r r o r s  may be loca ted  and corrected.  To e s t a b l i s h  the  v a l i d i t y  of t he  simu- 
l a t o r  f o r  t h e  above appl ica t ion ,  and t o  determine t h e  p a r t i c u l a r  features t h a t  
should be included i n  the simulator,  a program w a s  conducted a t  the  Ames 
Research Center, i n  which the maneuvers flown by a cur ren t  subsonic tu rbo je t  
t r anspor t  t o  show compliance with ex i s t ing  regula t ions  w e r e  a l s o  "flown" on 



the simulator, and the results were compared. 
the method and results of this validation with maneuvers restricted to the 
takeoff regime. 

The present report describes 

Acknowledgement is made to the Federal Aviation Agency and, in particular, 
to Mr.  J. J. Tymczyszyn (Chief, West Coast SST Field Office) for their advice 
and assistance during the establishment of the program. 
the Douglas Aircraft Company for the data and cooperation provided. 
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SYMBOLS 

airplane-nose up, airplane-nose down 

accelerations in wind axes (positive forward, right and down, 
respectively), ft/sec2 

aerodynamic center 

wing span, ft 

damping constant of main gear, nose gear, respectively, lb/ft/sec 

drag coefficient, drag force 

lift force lift coefficient, 

0 s  

q0S 

lift coefficient out of ground effect 

rolling-moment coefficient, rolling moment 
qosb 

pitching moment pitching-moment coefficient, 
qosc 

Cm 

yawing-moment coefficient, 

at zero angle of attack 

yawing moment 
90Sb 

side force 
side-force coefficient, - n  

yo” 
cycles to damp to half-amplitude 

wing mean aerodynamic chord, ft 

center of gravity 

perpendicular distance thrust line is below c.g., ft 

aerodynamic drag, lb 
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FL, FR, Fng 

FS 

h 

h0 

b P  

kp 
htc 

iH 

iT 

Ix, IY, Iz 

K 

P 

normal force on left, right, and nose gear, respectively 
(compression, positive), lb 

landing gear side force, lb 

acceleration due to gravity, 32.2 ft/sec2 

ground effect 

c.g. height above reference level -- zero when airplane is in 
level attitude with shock struts fully extended and main wheels 
just touching runway (up, positive), ft 

nominal height of c.g. above ground level in taxi attitude, ft 

height of pilot's eyes above ground when h = 8 = 0, ft 

height of tail (skid).above ground when h = 8 = 0, ft 

height of pilot's eyes above ground level, ft 

vertical clearance between tail skid and runway, ft 

horizontal stabilizer angle of incidence (AND, positive), radians 

thrust angle of incidence with body X-axis (up, positive), radians 

rolling, pitching, and yawing moments of inertia, respectively, 
slug-ft2 (body axes) 

engine thrust lapse with airspeed, lb/ft/sec 

nose gear strut spring constant, lb/ft 

aerodynamic lift force, lb 

landing gear 

x-distance c.g. forward of a.c., ft 

x-distance aerodynamic center forward of main gear, ft 

x-distance nose gear forward of a.c., ft 

x-distance of pilot forward of nominal c.g. position, ft 

x-distance of tail skid aft of nominal c.g. position, ft 

airplane mass, slugs 

r o l l  angular velocity (right r o l l ,  positive), radians/sec 
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q p i t c h  angular ve loc i ty  (ANU, p o s i t i v e ) ,  radians/sec 

dynamic pressure,  p V2 , l b / f t 2  s, 
RPS rudder pedal s t ee r ing  

RTO r e j ec t ed  takeoff ( refused takeoff )  

r 

S wing reference area,  f t 2  

yaw a n g d a r  ve loc i ty  (nose r i g h t ,  posi t ive) ,  radians/sec 

S d i s tance  along ground track, f t  

T t o t a l  t h rus t ,  l b  

Tn net  t h r u s t  per engine, l b  

T s t a t i c  s t a t i c  t h r u s t  per engine, l b  

t h r u s t  from l e f t  outboard, l e f t  inboard, r i g h t  inboard, and r i g h t  
outboard engines, respect ively,  l b  

time t o  damp t o  half-amplitude, see 

I b T 2 ,  
T3,T4 

T l l 2  

V equivalent airspeed, f t / s e c  unless  otherwise indicated 

speed a t  which engine f a i l u r e  occurs, knots 

speed a t  main gear l i f t - o f f ,  knots 

VEF 

VLOF 

MC A 
V a i r  minimum control  speed, knots 

ground minimum cont ro l  speed, knots 

minimum unst ick speed, knots 

speed a t  time of r o t a t i o n  control  input, knots 

l g  s t a l l  speed, knots 

minimum s t a l l  speed, knots 

takeoff decis ion speed, knots 

modified V1 f o r  p a r t i c u l a r  t e s t ,  knots 

takeoff s a f e t y  speed, knots 

W gross weight, l b  
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ymg 

YP 

zL,zR,zng 

a 

13 

6ngs 

'r 

e 

IJ.S 

P 

Te 

distance from fuselage plane of symmetry to main gear, ft 

lateral displacement of pilot station normal to runway center 
line, ft 

distance from fuselage plane of symmetry to outboard and inboard 
engines, respectively, ft 

left, right, and nose gear strut compressions, respectively -- 
zero when fully extended, ft 

angle of attack, radians 

angle of sideslip (relative wind from right, positive), radians 

flight-path angle (climb, positive), radians and percent 

average aileron deflection (right aileron up, positive), radians 

elevator deflection (AND, positive), radians 

flap deflection, radians 

main gear tracking angle (wheel-heading right of direction of gear 
translation, positive), radians 

nose gear tracking angle (wheel-heading right of direction of gear 
translation, positive), radians 

nose gear steering angle (wheel-heading right of fuselage center 
line, positive), radians 

rudder deflection (trailing edge right, positive), radians 

pitch angle of airplane body axis relative to horizon (ANU, posi- 
tive), radians 

braking force 
landing gear load coefficient of braking friction, 

sum of coefficients of rolling resistance and braking friction of 
left and right main gear, respectively 

coefficient of rolling resistance 

coefficient of tire side force (parallel to axle) 

air density, slugs/ft3 

engine first-order-response time constant, see 
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Tr rudder servo system first-order-response time constant, sec 

cp angle of bank (right wing down, positive), radians 

hd- r o l l  angle to sideslip parameter, - 57*3 - , deg/ft/sec 
Ive I I P I  

yaw angle (heading) of airplane relative to a reference direction 
(nose right, positive), radians 

*i 

*W azimuth angle of flight path (track) relative to a reference direction 
(right, positive), radians 

d derivative with respect to time, - (7 dt 

CL = - acL 
‘I? 

ac2 c =  
2P a(pb/2V) 

acm c =  ms a(qq2v) 
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TEST EQUIPMENT 

The fixed-cockpit simulator was equipped with a typical transport flight- 
test instrument display (fig. 1). Special instrumentation included angle-of- 
attack and sideslip indicators, tail-skid ground-clearance indicator, control 
force readouts, data correlation counter, and individual landing gear lift-off 
indicators. 

Two general purpose analog computers were programmed to represent the 
motion of the airplane in six degrees of freedom. 
and the recording facilities. Details of the computer program are given in 
appendix A, equations in appendix B, and scaling limits in appendix C. 

Figure 2 shows one computer 

A "real world" visual scene (unity magnification) was provided by closed- 
circuit TV projection onto a screen 11 feet forward of the pilot. 
view was approximately 33' vertically by 44' horizontally. The visual scene 
was generated by a runway model (scale l:3OO) on a moving belt driven past a 
camera that was servo-driven in the other five degrees of freedom (fig. 3 ) .  
This provided the pilot with a simulated runway 10,000 feet long by 150 feet 
wide. 

The field of 

A conventional transport wheel-type cgn€rol arrangement was used. The use 
of spring-damper systems to represent control forces provided only an approxi- 
mation to the feel of the longitudinal control due to the absence of aerody- 
namic force feedback in the simulator. The control column was equipped with a 
stall warning shaker. The rudder pedals were equipped with differential toe 
brakes and rudder-pedal-actuated nose-wheel steering (RPS) . 

Two throttles regulated the engine thrust. Equipment limitations dictated 
that one throttle control both left engines and another the right engines. 
Individual engines could be throttled or "failed" at the computer console. 

Auxiliary equipment included an engine noise generator and a pneumatic 
pilot seat for simulating "motion." (See appendix D for details.) 

TEST CONFIGURATIONS 

A Douglas DC-8  airplane, with a standard-leading-edge slotted wing and 
powered by four JT4-A-3/5 engines, was considered representative of the cur- 
rent class of turbojet transports and was chosen as the subject airplane for 
the purpose of simulator validation. The geometry of this aircraft is shown 
in figure 4. 

ing nominal extremes in weight and c.g. location: (1) heavyweight, aft c.g., 
(2) heavyweight, forward c.g., (3) lightweight, aft c.g., and (4) light- 
weight, forward c.g. These corresponded to weights of 200,000 lb and 
3OO,OOO lb, and c.g. locations of 19 percent c and 32 percent E .  Emphasis 
was placed on the heavyweight, forward c.g. configuration as the critical 
configuration for the take-off flight-test maneuvers. Takeoffs were performed 
using 15' and 25O flaps. 

Reference 7 was the source of the aerodynamic data. 
Four combinations of weight and c.g. position were simulated, represent- 

- 

Reference 8 details operation of the airplane. 



I l l  I I 

M P E R I W T  PROCEDURE 

Tests fell into two general categories. Initial tests were performed to 
compare the performance and dynamic characteristics of simulator and airplane. 
Then typical flight-test and airworthiness certification maneuvers (refs. 1 and 
2) were "flown" as an overall check of the simulation capabilities for certifi- 
cation work. Each maneuver is described in the corresponding subsection of the 
Discussion and Results. 

The simulator was flown by NASA, FAA, and airframe manufacturer pilots; 
the FAA and company pilots had participated in the original certification 
flight tests. A l l  pilots were experienced in the use of research simulators. 
Portions of the simulator tests were observed and checked by the same FAA 
flight-test engineer who participated in the certification of the aircraft. 
The degree of simulation validity was based on qualitative pilot opinions on 
similarity of "feel and handling" of the simulated airplane as well as quanti- 
tative duplication of the flight-test results, as reported in references 9 
and 10. 

Smooth air and sea-level standard conditions were assumed for the analog 
computation. However, for realism, zero altimeter and zero heading instrument 
readings were avoided as initial conditions. 

Takeoff Settings and Reference Speeds 

Table I is a compilation of the flap setting, stabilizer setting, and ref- 
erence speeds that correspond to the two weights and two centers of gravity 
flown . 

TABU3 I. - TAKFOFF SETTINGS AM) REFERENCE SPEEDS 

~~ 

6F, deg 

ZH, deg 

V1, knots 

VR, knots 

V,, knots 

Vsmin, knots" 

Time t o  100 
knots, see 

200,000 lb 

c.g. = 19 percent C 

25 

3.6 ANU 

118 

123 

140 

106 

19 

200,000 lb 

c.g. = 32 percent C 

25 

2.0 AND 

118 

123 

140 

106 

19 

3OO,OOO lb 

2.g. = 19  percent C 

25 

5.5 ANLT 

1.37 

148 

158 

128 

30 

- ~- 
3OO,OOO lb 

c.g. = 32 percent 7 

25 

1.2 AND 

137 

148 

158 

128 

30 
~ - .. 

aThese a r e  reference speeds and do not r e f l e c t  the  a c t u a l  change i n  s ta l l  speed with c.g. 
s h i f t .  

Derivation of the recommended stabilizer settings for the subject 
airplane is discussed in reference 11. 
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DISCUSSION AND RESULTS 

Initial Tests 

Simulation of the complete takeoff, including the ground roll, requires 
computation complexity beyond that associated with the usual  low-speed simu- 
lator flying qualities study. Contributing to this complexity are the reac- 
tions of the landing gear to the ground, the aerodynamic effects of ground 
proximity, and the large variations in speed and aircraft attitudes. Accurate 
duplication of the airplane's performance is a requirement, due to the inter- 
relationship between airplane handling qualities and performance, particularly 
near the ground at marginaliy low thrust levels. 

Initial trials of the simulator showed discrepancies between simulator and 
flight characteristics. Rotation characteristics were different and m i n i m  
lift-off speeds were 6 to 8 knots below those expected. These discrepancies 
were attributed to inaccuracies in the representation of ground effect on the 
lift and pitching moment. Adjustments were made to these values as shown in 
figure 5. The rotation difficulties were corrected by reducing the nose-down 
pitching moment due to ground effect and by compensating for the downwash vari- 
ations over the tail with varied flap settings. In order to correct the lift- 
off speed disagreement, the beneficial lift increment due to ground effect was 
decreased. This adjustment was somewhat arbitrary -- it is possible that the 
basic lift characteristics "out of ground effect" were in error at the high 
angles of attack (refer to discussion of stall speeds, p. 11) and that this was 
compensated for by the change in ground effect lift. The simplifying assump- 
tion was used that the drag coefficient corresponding to a discrete a is 
unchanged by ground effect. 

Additional comments regarding details of simulation techniques may be 
found in appendix D. 

Acceleration. - Acceleration checks were conducted for 15' and 25' flap 
configurations and at two T/W conditions (all-engines-operative and one- 
engine-inoperative cases at a standard takeoff gross weight of 3OO,OOO lb). 
The aircraft was in the normal taxi attitude and trimmed for takeoff. 

Comparison of the simulator accelerations with the flight-test results 
(fig. 6) shows good correlation, with the simulator points generally falling 
within the flight-test scatter. Simulator aerodynamic drag began to become 
excessive at Oo angle of attack with the 2 5 O  flap configuration at speeds in 
excess of 140 knots as shown by low acceleration. This effect was ignored 
since rotation was initiated at 148 knots or less and drag at the angles of 
attack used during rotation and subsequent climb was accurate. 

Ground handling.- Because the simulator was of the fixed-cockpit type, it 
could not provide the motion cues normally available in the real world. How- 
ever, results of the runway center-line tracking task indicate that visual cues 
necessary to assist the pilot in accomplishing and holding center line are 
available in a two-dimensional scene. 

9 



The increment of directional control effectiveness gained by the use of 
rudder-pedal-actuated nose-wheel steering was similar to that of the actual 
airplane. Numerical examples of this result were obtained in the V M C ~  tests. 
The ability to produce bank angles during the ground run has been used by 
pilots to provide additional directional control. This effect was reproduced 
in the simulation. 

Directional control via differential braking of the main wheels was 
similar to that of the actual airplane. It was found necessary to reasonably 
simulate the brake "feel" characteristics in terms of pedal angle and applied 
forces in order for the pilot to make normal use of brakes. 

In the early stages of the simulation one pilot reported that he could 
not produce bank angles on the ground at as low speeds as in the airplane. 
When the maximum aileron wheel throw was reduced from ?looo to the more nearly 
correct value of _+80°, and the scaling appropriately changed, the pilot 
reported the proper response from the simulator. The pilot was unaware of the 
changes. 
used a larger wheel deflection, since the maximum lateral control power was 
unchanged. This wheel-gain change incident provides some evidence that pilots 
were applying cockpit control deflections in the simulator of the same magni- 
tude as they did in the actual airplane, and they expected to elicit the same 
results. Evident throughout the simulation was the need for precise duplica- 
tion of the airplane's primary cockpit controls, both in geometry and in 
static and dynamic-force characteristics. 

The proper bank angle would have resulted before the change had he 

Takeoff transition.- - The transition of the airplane from the runway to 
the climb was examined by studying the loss in acceleration due to the rota- 
tion maneuver and the performance demonstrated in reaching a height 35 feet 
above the runway surface. Rotation times and the relationship of lift-off 
speed to ground angle were checked. Rotation time is the time between the 
rotation elevator input and main gear lift-off. 

Simulator results indicate that the loss in acceleration due to rotation 
was approximately 6 percent in excess of that experienced in the flight-test 
runs. However, pilots commented that in the simulator the decrease in accel- 
eration appeared slightly less than in actual flight. 

The time required to rotate to the lift-off attitude,following the 
control input,is shown in figure 7 for various second segment (takeoff thrust 
on three engines, takeoff flaps, gear retracted) climb (T-D)/W.l 
rotation times ranged from 2.9 seconds at the higher (T-D)/W 
at the low (T-D)/W levels. 
longer, ranging from 3.1 to 4.1 seconds. 
rotating the simulated airplane more abruptly to higher lift-off attitudes. 
Ground angle at lift-off is presented as a function of the ratio of lift-off 
speed to the lg stall speed (fig. 8) and is displayed in this manner SO the 

Average 
to 3.5 seconds 

Corresponding flight- test times appear slightly 
This resulted from the pilots 

- _ _  
'Second segment thrust and drag are measured at V, speed which is the 

speed attained at the end of the takeoff distance (when a height of 35 ft has 
been attained). 
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flight-test values may be included independent of 
points fall within the flight-test scatter. 

the gross weight. Simulator 

Figure 9 shows time to 35 feet as a function 
increase in scatter of test points as (T-D)/W is 
This demonstrates the increased dependency of the 
as T/W values become low. Simulator points and 

of (T-D)/W. Note the 
decreased to marginal values. 
maneuver on pilot technique 
flight-test values agree 

well within the normal (T-D)/W 
simulator runs (T-D)/W 
stant; in the flight tests the weight was varied. Slightly different results 
at the high and low (T-D)/W may be due to the different reference (stall) 
speeds corresponding to the various weights. At high (T-D)/W simulator time 
to. 35 feet was short and speed was low; while at the low (T-D)/W, time was 
long and speed slightly high. This indicates a difference in pilot technique 
after lift-off. In the simulator at the higher performance levels, the pilots 
tended to raise the nose prematurely to stop longitudinal acceleration shortly 
after lift-off and to gain altitude abruptly, while in flight, the accelera- 
tion was more slowly reduced to zero after lift-off in order to attain V, at 
35 feet. This tendency as well as the previously mentioned tendency to over- 
rotate before lift-off may be attributable to the absence of a dangerous or 
hazardous element in the simulator as compared to the flight-test situation. 
Also influencing this tendency could be the lack of motion cues which serve 
to assist the pilot in damping the pitching motion. 

range for heavyweight takeoff. During the 
was varied by varying thrust and leaving weight con- 

Climb gradients.- The lift and drag relationships of the simulator were 
verified by documenting the gradients in the various climb segments at 
3OO,OOO lb gross weight (out of ground effect) and comparing them to the 
flight -test results. 

Results of the first segment climb gradient (takeoffothrust, takeoff 
flaps, gear extended) are plotted against airspeed for 15 
configurations in figure 10. Curves are presented showing three-engine and 
four-engine performance. Figure 11 shows first, second, and final segment 
climb gradients versus engine thrust level at the speeds noted with three 
engines operative. 

and 25' flap 

For all takeoff climb gradients, simulator check points fell within the 
As'the stall speed was flight-test scatter in the takeoff test speed range. 

approached, the performance on the simulator proved to be greater than the 
flight-test values by as much as 1 percent excess climb gradient. This may 
have been due to the use of incorrect lift and drag data near the stall where 
extrapolation of the flight data was required; a second source of error was 
the prograsrming simplifications discussed in the section on stall speeds. 
These approximations resulted in a higher L/D 
in the 10-knot speed region above the stall. These effects would provide 
erroneous gradients only for the heavyweight three-engine or extremely low 
T/W 
encountered in the tests. 

than that of the airplane with- 

four-engine condition within this speed range. These conditions were not 

Stall speeds.- The lg stall speeds (the speed 
longer equal to the weight component perpendicular 

at which the lift is no 
to the flight path) were 
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determined out of ground effect at idle thrust and are compared with the 
flight-test values in the following table. 

TABL;E 11. - "ONE-G" STALL SPEEDS 

Flap setting, 
deg 

- 

Gross wt = 3OO,OOO lb; c.g. = 19 percent E 
. ~ 

V,lgf simulator, flight test, 
vslg, knots knots 

~ 

L i ft Curves 

25 132 5 
15 139 

1-51. - 
0 

- - - Flt. test 

~ 

a 

133 5 
139.5 
165 9 5 

/p 8 F = ' 5 0  

/ 
/ 

~ 

a 

stalls at a lower angle of attack in 
the zero flap configuration. Accurate 
representation was provided for the 15' 
and 25' flap cases, with the result 
that stall speed was incorrect at zero 
flap setting. Additionally, the exact 
shape of the lift curve near the stall 
was not readily available and was 
therefore estimated as indicated. A 
stall situation in the simulator was 
not accompanied by a roll-off or a 
pitch-down because the addition of this 
complexity was not warranted by the 
present test objectives. 

Lateral-directional ~ characteris- 
tics.- Dynamic response checks of the 
simulator were conducted by exciting 
the Dutch roll with a rudder kick and 
recording the subsequent oscillation. 

- 

All simulator flights were without yaw damper. In figures 12-14 these results 
are shown with those obtained from flight test (ref. 12). 
points should not be directly compared to simulator points, as the flight-test 
points correspond to lighter gross weights and a higher altitude (9000 ft). 

The flight-test 

Figure 12 presents the Dutch roll periods with good agreement and 
demonstrates a normal decreasing trend with increasing airspeed. 

The general level of damping was quite low, requiring 10-26 seconds to 
damp to one-half amplitude as shown in figure 1.3. 
discrepancy between flight and simulator was not readily apparent to the 
pilots; therefore, determination of the cause for disagreement was not con- 
sidered worthy of a large expenditure of analysis time. 
be attributed to the erroneous use of approximately 40-percent excessive yaw 
damping Cnr on the simulator. 

With this low damping the 

Some discrepancy can 
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The ratio of roll angle to equivalent side velocity lcpl/lVel of the 
simulator was less than that demonstrated in flight tests, being of the order 
of 0.30' to 0.360/ft/sec as compared to flight-test values of 0.43O to 
0.53'/ft/sec (fig. 14). 
from 0.  30° to 0.390/ft/sec, verifying that the simulator was properly repre- 
senting the programmed derivatives. 

Hand calculations to check Icp I/ IVe I yielded values 

The evaluating pilots agreed that the Dutch roll characteristics were 
representative of the DC-8 with the exception that immediately after lift-off 
at speeds below the normal lift-off speeds a lateral-directional oscillation 
was frequently excited which was not evident during flight testing of the air- 
plane. It was not established whether this was due to other lateral- 
directional factors not accurately simulated or whether lack of motion cues 
tended to produce more pilot induced oscillation in the simulator than occurred 
in actual flight. In general, however, the pilots felt that this discrepancy 
did not seriously interfere with their ability to conduct evaluations. 

Continuous takeoff.- As the primary purpose of the simulator is to 
investigate abnormal situations, relatively few normal continuous takeoffs 
were performed specifically for- data. However, pilots reported that, as a 
whole, the simulation was a good representation of a subsonic jet transport 
takeoff. Figure 15  shows a representative simulator takeoff time history. 

Certification Tests 

The initial tests discussed in the preceding sections were essentially a 
check on the performance of the simulator. Results indicated a satisfactory 
match of airplane characteristics. Therefore, additional tests were conducted 
using as piloting tasks several of the maneuvers associated with current air- 
worthiness certification. Interest in these later tests centered around 
pilot-airplane performance, recognition and reaction times, and pilot subjec- 
tive assessment as to the fidelity of simulation. 

Accelerate-stop tests.- The accelerate-stop (rejected takeoff, RTO) test 
provides the information required to determine the runway distances and times 
required to stop should the pilot refuse or reject the takeoff for reasons of 
engine failure or other abnormality. Of major interest (in a research sense) 
are the relative contributions of basic airplane drag, spoilers, brakes, 
reverse thrust, etc., to deceleration (refs. 13 and 14), as well as the 
controllability during the stop. 

The simulator was not equipped with the handwheel which is normally at 
the pilot's left hand for nose-wheel steering while taxiing and at low speeds, 
so the pilot had to make all directional corrections with the rudder pedals, 
making it difficult for him to maintain full braking with the toe pedals. 

Engine failure recognition times varied from 1 to 3 seconds, while 
failure of an outboard engine in the airplane was usually identified in less 
than 1 second. Evident throughout the runs were the excessive distances 
required to stop as a result of this extra delay in recognition and/or reac- 
tion by the pilot. Contributing to this is the fact that acceleration 
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continues for an instant after the throttles have been abruptly retarded due 
to the engine time constant which permits only a slow thrust decay. Pilot 
recognition of an engine failure must be obtained from the visual scene in the 
simulator because of the lack of lateral motion cues. During V M C ~  tests, 
poor visual system response was detected; see discussion on minimum ground 
control speed. 

average recognition and reaction times (for power reduction, spoiler deploy- 
ment, and wheel braking) used were obtained from flight tests (ref. 9 ) .  The 
simulator data of time and distance to stop then fell within the DC-8  flight- 
test scatter (fig. 16) .  
p = 0.08 to represent typical stops on wet runways and ice, respectively. 
Braking coefficients of friction vary with speed and are generally higher at 
low speeds (see appendix A). For simplicity p was assumed constant at 0.28 
for dry runways. 

To check the actual stopping performance, nonpiloted runs were made; the 

The nonpiloted runs were made using p = 0.136 and 

While reverse thrust was available on the simulator, no performance com- 
parison was made. For simulation of advanced transport aircraft that may use 
reverse thrust, this should be included even though such effects as reingestion 
from adjacent engines and induced flow changes affecting the wing lift (and 
thus the normal force available for braking) are difficult to estimate. 

It appears that including a high response visual system and lateral motion 
capability would permit satisfactory simulation of rejected takeoffs. 

Three-engine take.off.- A large portion of the certification performance 
requirements must be met with one engine made inoperative at some point during 
the takeoff; hence it was desirable to match the airplane characteristics 
under these conditions. 

As in normal operation, takeoffs were continued after engine failure at 
speeds above VI. O f  primary interest was lateral-directional controllability 
and flight-path control. Some engine failures were scheduled while others were 
"surprise cuts." Following the failure the rudder (along with the RPS on some 
runs) was used as the primary control in counteracting the resultant yawing 
moments, and lateral control was used as necessary to hold the wings level. 
Tkrust was left at the takeoff value on the remaining three engines. The ini- 
tial climb was then conducted at V, instead of the V, + 10 knots speed used 
for the four-engine takeoff. 

The majority of these tests involved failure of an outboard engine; how- 
ever, an occasional surprise cut of an inboard engine was made to evaluate 
the recognition times. Recognition times for the inboard failures were quite 
varied but were approximately 1 second longer than required for recognition of 
an outboard failure (as discussed in the section on accelerate-stop tests). 

The pilots were able to maintain control and continue the takeoff without 
difficulty from engine failures occurring at speeds ranging upward from VI. 
Pilots reported that the response of the simulator to an engine failure was 
much like that of the airplane, but slightly milder, perhaps due to the com- 
bination of poor visual system response and the lack of motion. Also, a 

14 



lateral-directional oscillation was frequently excited which was not evident 
.in the airplane and added to the pilot's task in controlling the three-engine 
climbout (see section on lateral-directional characteristics). 

Takeoff with incorrect trim.- Prior to a number of the takeoffs the hori- 
zontal stabilizer trim was purposely set to an abnormal value -- in some cases 
without the pilot's knowledge. The result of incorrect stabilizer trim 
(mistrim) is not obvious to the pilot until VR is reached, when it is 
revealed by the unusual forces required to rotate. 

Full airplane nose down (AND) trim, forward c.g, and mximum takeoff 
gross weight are an extreme combination that requires more pitching moment for 
rotation than is available at the normal VR speed. If the airplane should 
inadvertently be trimmed to this condition, whether by oversight, error, or 
mechanical or electrical failure, the pilot would not, upon applying the normal 
elevator input, obtain enough pitching moment to rotate the aircraft. Since 
VI speed has been exceeded, there is no choice but to continue the takeoff. 
The desired pilot response in this particular case is for the pilot to hold 
full back on the control column and start to retrim. When sufficient speed 
has been attained the aircraft will rotate and lift off, though somewhat 
farther down the runway than in a normal takeoff. 
in actual flight. If the pilot is not forewarned, he might, most naturally, 
assume a control malfunction and resort to increasing back pressure as well as 
releasing, and reapplying force. Thus, if the mistrim condition is not 
detected and corrected during the initial portion of the takeoff run, the 
airplane can go off the end of the runway before lift-off occurs. 

Such incidents have occurred 

In order to compare pilot reaction between simulator and flight, the 
aforementioned situation was presented to several pilots in the simulator 
without their prior knowledge. 
stop (at a speed in excess of 
assumed a simulator malfunction and called for reset of the computer; another, 
who knew the consequences of extreme airplane-nose-down trim, held the column 
full back until lift-off and retrimmed. Both the first and last responses 
have occurred in flight. 

One reduced thrust to idle and attempted a 
V,) , going off the end of the runway; one 

In the simulator pilots were able to identify accurately the amount and 
direction of incorrect trim from the control input required to rotate and the 
resulting rotation pitch rate. This indicated that the simulator and the 
airplane provided the same subjective impressions of the mistrim condition. 
It was felt that the simulator was adequate for investigating trim effects on 
takeoff characteristics. 

Unstick speed.- The unstick speed is the speed at which the main gear 
Of major interest is the minimum possible lifts off the runway during takeoff. 

value, Vm, that can be obtained without taking advantage of the dynamic 
effects associated with abrupt elevator inputs and yet yields acceptable 
handling characteristics. 

Simulator Vm results were within 3 knots of flight tests. Figure 17 
is a typical time history comparison. The pilots tended to climb more 



abruptly in the simulator than in the flight test, sacrificing acceleration for: 
climb angle immediately following lift-off, as discussed in the section on 
takeoff transition. Aside from this difference in piloting technique several 
slight differences between the airplane and simulator in figure 1-7 are: 

1. The airplane had a lower pitch response because it was slightly 
heavier, had a slightly lower thrust-to-weight ratio, and carried less 
trim. 

ANU 

2. The airplane required greater stick forces during the rotation 
input; the simulator curve in figure 17 is derived from the stick posi- 
tion recording and does not include the transient force contributions 
due to control damping and inertia. The airplane stick force trace was 
read out directly from a force transducer. 

3. The simulator stick force trace had less high frequency content 
due to different piloting technique and/or the lack of cockpit motion 
feedback, as well as to the difference in obtaining the force readout 
as mentioned in 2. 

At progressively lower T/W the acceleration to V, after lift-off in 
the simulator becomes increasingly dependent on pilot technique in airspeed 
control and upon basic handling qualities. The same was true of the aircraft. 

A rapid elevator input at certain speeds can speed rotation and induce 
lift-off below VMU 
rate. This effect was demonstrated in the simulator and is discussed in 
appendix E. 

due to dynamic effects associated with the high pitching 

The hazardous VI$J maneuver can be studied successfully on the simulator. 
The addition of such environmental effects as the stick shaker and stall 
buffet (by means of pneumatic seat cushion or other limited vertical motion) 
add significantly to the realism of this maneuver. 

Ground minimum control speed.- Records were taken of the unavoidable 
excursions from runway center line experienced in the simulator as a result of 
outboard engine failures. The pilot would be given a "surprise" engine cut 
and would, upon recognition of which engine had failed, react with rudder (in 
some cases full rudder) to oppose the yawing moment caused by the engine 
failure. The minimum speed at which, following an outboard engine failure, the 
maximum lateral deviation from the center line can still be held to 15 feet was 
termed VMCG. 
minimum control speed testing. 

Reference 1 5  provides an example of the procedures involved in 

Initial simulator runs yielded data quite different from data of the 
flight tests. Lateral deviations could be arrested at lower speeds in the 
simulator than in the airplane. Reprogramming the rudder control to represent 
more accurately the rudder power and the rudder servo-system lag moved the 
curve to speeds above the flight-test values as shown in figure 18. Addition- 
ally, the slope of the lateral deviation versus the Vm curve was much too 
shallow; for example, in the actual airplane an engine cut 10 knots below 
VMcG required that the pilot reduce thrust on the opposing engines to keep the 

16 



a i r c r a f t  within the confines of the runway. I n  the  simulator an outboard 
engine f a i l u r e  10 knots below the determined value could be control led 
within the  runway boundaries with rudder alone. A s  i n  the case of the r e j ec t ed  
takeoff ,  the p i l o t  must have good engine f a i l u r e  cues t o  successful ly  accom- 
p l i s h  t h i s  maneuver. P a r t  of the  d i f f i c u l t y  i n  the  simulator w a s  t raced t o  
the  deadband and s luggish response of the l a t e r a l  and heading dr ives  f o r  the  
v i sua l  system camera which delayed by a f r a c t i o n  of a second the p o s s i b i l i t y  
of the  p i l o t ' s  recognition of the engine f a i l u r e .  Also contr ibut ing t o  t h i s  
may have been the  absence of the  l a t e r a l  motion cue. 

V M C ~  

A spec ia l  technique (used only i n  the  simulator as a s u b s t i t u t e  f o r  
motion cues),  which consisted of giving the  p i l o t  a verbal  cue of the  word 
' 'cut"  a t  engine c u t  
bu t  not  the  intended cu t  speed),  produced a yp versus VEF curve with the  
same slope and displaced only a few knots below the  f l i g h t - t e s t  data.  The 
verbal  cue eliminated the  engine-fai lure  recogni t ion time and the  decis ion 
time but  not  the  p i l o t  reac t ion  time. 

( t h e  p i l o t  having p r i o r  knowledge of t he  engine t o  be cu t  

While not ab le  t o  use the  simulator t o  determine engine f a i l u r e  recogni- 
t i o n  times i t s  usefulness f o r  parametric s tud ies  of ground control  character-  
i s t i c s  w a s  demonstrated. 

A i r  minimum cont ro l  speed.- The i n - f l i g h t  minimum cont ro l  speed w a s  
determined by slowing the a i rp lane  u n t i l  f u l l  rudder cont ro l  w a s  required t o  
maintain a steady heading with an outboard engine inoperat ive.  
t e s t s  of t h i s  nature, i t  i s  common p rac t i ce  f o r  the  wind screen t o  be over- 
layed with a t ransparent  sheet  of p l a s t i c  on which are c l e a r l y  scribed various 
angles with reference t o  the  horizontal .  Thus, the  p i l o t  has a very s e n s i t i v e  
r o l l  a t t i t u d e  ind ica tor  with which he a l ines  the  horizon. The overlay w a s  not 
used f o r  t h i s  s e r i e s  of simulator t e s t s ,  s ince  the  v i sua l  scene w a s  not s u f f i -  
c i e n t l y  accurate,  leaving the  a t t i t u d e  gyro as the  primary roll reference.  
The ind ica tor ,  although qu i t e  s m a l l ,  gave acceptable ( f o r  simulator use) bank 
angle information. 

During f l i g h t  

A s  V M C ~  i s  below the  heavyweight s t a l l  speed, t h i s  t e s t  w a s  conducted 
a t  the  200,000 l b  gross weight and a t  a f t  c.g. Resul ts  were obtained f o r  
wings l e v e l  and f o r  a 5' bank angle a s s i s t i n g  the rudder (bank away from the  
inoperat ive engine).  

With an asymmetric t h r u s t  of 14,600 l b  and with 5' of bank the simulator 

V E ~  
( f i g .  19). That the  simulator produced approximately 11-percent excess rudder 
power (CngrGrmx) w a s  l a t e r  substant ia ted by t h e  V M C ~  results. It w a s  d i s -  

covered t h a t  the rudder pedal s tops were not supported r i g i d l y  enough and may 
have contributed t o  t h i s  e r r o r  by permit t ing excess rudder t r ave l .  

w a s  determined t o  be 111 knots, 5 percent below the  f l i g h t - t e s t  value 

One of the p i l o t s  noted, i n  a l a r g e  number of t e s t s  on t ranspor t  
a i rp lanes  ( including the reference a i rp l ane ) ,  t h a t  f o r  each degree of bank 
away from the  dead engine, an approximate 4-knot reduct ion i n  minimum cont ro l  
speed can be real ized.  The simulator displayed t h i s  same s e n s i t i v i t y  t o  bank 



angle. Wings-level VMCA was approximately 129 knots, or 18 knots above the 
5 O  bank value, providing a dVm/dcP = -3.6 knots/deg. 

As indicated by figure 19, approximately 60 percent of available wheel 
throw away from the dead engine was required in order to hold 5' bank angle 
and a constant heading. About 12 percent of available wheel throw was used at 
the wings level minimum control speed. 

It was concluded that the V M C ~  task w a s  realistically and accurately 
represented. The simulator is especially well-suited to parametric studies in 
hazardous flight ranges. For example, the effect of weight on VMCA and the 
accompanying handling characteristics can be safely investigated. 

CONCLUDING €EMARKS 

A piloted fixed-base takeoff simulation was developed for study of 
advanced transport aircraft airworthiness requirements and handling qualities. 
Confidence in the simulation was realized by successful duplication of the 
takeoff certification tests of a subsonic jet transport. The following remarks 
can be made regarding this simulator validation phase. 

Since many of the takeoff certification maneuvers are conducted near the 
ground where airplane performance, handling qualities, and piloting techniques 
are intimately related, accurate representation of performance (as well as 
dynamic response) is essential. 

As ground effect exerts a significant influence on the rotation and lift- 
off characteristics, accurate data are essential. Available information on 
ground effect appears inadequate, suggesting a requirement for additional 
research effort. 

The pilots felt that the continuous takeoff on the simulator was 
realistic, but the lack of motion was evident and decreased the realism in 
takeoffs involving engine failures. Motion appears desirable for investiga- 
tions involving dynamic asymmetric thrust conditions (e.g., minimum control 
speed tests and refused takeoffs), where prompt engine failure recognition is 
an important factor and for tests where lateral-directional and longitudinal 
oscillatory motions would modify pilot control input. 

While the simulator proved not to be useful for determining engine 
failure recognition times, its usefulness was demonstrated for parametric 
studies of ground control characteristics. 

Pilots treat the simulated airplane in a less conservative manner than 
the actual airplane -- rotating more abruptly and holding higher pitch atti- 
tudes during the initial climb. This may be attributable to the absence of 
the "anxiety factor" and possibly to the 1ack.of motion cues. 
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The added environmental realism obtained from the pneumatic seat cushion, 
used both to simulate passing over the runway tar strips during takeoff roll 
and for prestall buffet, aided ib establishing the proper psychological 
involvement on the part of the pilot. 

In general, the degree of visual scene'image quality required for takeoff 
is not so great as that required for studies involving landing approach and 
flare. However, there is the desirability of providing peripheral visual 
cues -- near-visual-field information for Vm tests, far-field cues (horizon) 
for VzA studies, and both for continuous takeoffs. While the visual scene 
response was adequate for many of the maneuvers performed, a high level of 
dynamic response of the camera drive in the lateral and yaw modes is required 
for maneuvers involving engine failure. 

The simulator is especially well suited to parametric studies in 
hazardous flight ranges. For example, the effect of weight on VxA and the 
accompanying handling characteristics can safely be investigated. 

The simulation has shown its potential usefulness as a tool in flight 
test guidance and training of the initial crews. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., Jan. 17, 1966 
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APPENDIX A 

COMPUTER PROGRAM PARTICULARS 

AXES SYSTEM 

The computer was programed to represent the airplane in six degrees of 
freedom. The equations are presented in appendix B. For simplification and 
accessibility to the variables to be recorded, the force equations were derived 
with reference to wind axes while the moment equations were written about the 
body axes (ref. 16). The forces and moments result from a combination of aero- 
dynamic effects and gear reactions due to contact with the ground. The air- 
plane was considered a rigid body and moments were taken about the center of 
gravity. It was found helpful to reference ,airplane physical dimensions to 
some fixed point near the c.g. -- in this program, the aerodynamic center was 
used. Thus, the distance from the reference point to the c.g. is the only 
change in dimension required when c.g. location is changed. 

Small-angle approximations were used with regard to a, P ,  y ,  and 8.  
Thus, cos a, = 1 and sin a = a,, etc. 

ALTITUDE SCALE CHANGE 

A scale change was necessary to provide adequate resolution in altitude 
during operation near the ground as well as an operating range of several 
thousand feet. This provided 1 volt/ft for those circuits requiring sensitive 
altitude signals, for example, landing gear reactions and ground effect. When 
the altitude exceeded 90 feet, the scaling changed to 0.025 volt/ft in order 
to a l l o w  operation of the program at altLtudes as high as 4000 feet above the 
ground level. The choice of 90 feet as a reference point was quite arbitrary, 
but was selected as high enough to be above the altitude where ground effect 
was significant. 

FORM OF AERODYNAMIC DERIVATIVES 

Aerodynamic forces and moments were generated from conventional deriva- 
tives (ref. 7) represented as constants or linear functions of angle of attack. 
The moment derivatives were converted from stability axes to body axes before 
being programmed into the computer. It may, in some cases, be expeditious to 
perform this conversion in the computer at the cost of additional computation 
equipment. 

LATERAL -DIRECTIONAL CHARACTER1 S T I C S  

Evaluation of the handling qualities, especially under abnormal condi- 
tions (e. g., asymnetric thrust, etc. ), requires a reasonable representation of 
the lateral-directional characteristics of the simulated airplane. The values 
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of a number of the s t a b i l i t y  der iva t ives  a re  dependent on l i f t  coef f ic ien t  CL. 
This adds complication t o  the simulation problembecause of the  l a r g e  varia- 
t i ons  of angle of a t t ack  and f l a p  configuration encountered i n  the takeoff 
maneuver. Because the  nuniber of computer components ava i lab le  i s  l imited,  
approximations were necessary i n  programming some of the  der iva t ives .  
the  s t a b i l i t y  der iva t ives  were provided as constants while th ree  ( C z p ,  C z r ,  

were s e t  equal t o  zero. 
i f  it had been p r a c t i c a l  t o  represent:  (1) Cnp, Cz,, C z p ,  and Cy 

of CL; and (2) Cnp, CnEa, and Cz8 

va r i a t ion  of each der iva t ive  within the  desired t e s t i n g  range i s  e s s e n t i a l  f o r  
accurate representat ion of  each d i f f e r e n t  a i rp lane  simulated. 

Most of 

and C ) were represented as l i n e a r  functions of  angle of a t tack;  Cyp and C Y r  
nP 

A higher degree of accuracy would have been rea l ized  
as functions 

as functions of a. Close scru t iny  of the 
P 

r 

LANDING GEAR REPRESmTATION 

Various methods of represent ing landing gear forces  and an extensive 
bibliography on landing gear dynamics a re  presented i n  reference 17. A l i n e a r  
spring-damper system represented the  nose gear i n  the present study. The main 
gear shock s t r u t s  were individual ly  represented by a nonlinear spr ing and 
l i n e a r  damper. The c i r c u i t  f o r  computing landing gear forces  i s  shown i n  f i g -  
ure 20. It i s  recognized t h a t  s t r u t  damping cha rac t e r i s t i c s  a re  not ac tua l ly  
l i nea r ,  bu t  the assumed l i n e a r  ac t ion  served s a t i s f a c t o r i l y  i n  the  absence of 
more de t a i l ed  information. 

A s  t he  t i r e s  serve t o  absorb most of the sharp, abrupt loading, i t  w a s  
considered worthwhile t o  represent  them i n  the  main gear equations f o r  l a t e r  
t e s t s  involving landing as well  as takeoff.  This d e t a i l  i s  des i rab le  f o r  land- 
ing s tudies ,  bu t  the  need i s  l e s s  apparent f o r  s tud ies  involving only takeoffs 
from smooth runways. 

TIRE ROLLING, BFLAKING, AND SIDE-FORCE COEFFICIENTS 

Values of  the  r o l l i n g  res i s tance  coef f ic ien t ,  pr, of 0.020 were suggested 
i n  references 1-3 and 18, and of 0.017 i n  reference 9. 
resu l ted  i n  accelerat ion s l i g h t l y  l e s s  than t h a t  measured i n  the  f l i g h t  te ' s ts .  
A value of 0.016, which gave good agreement with f l i g h t  data,  w a s  se lected.  

The higher value 

A s implif ied approach w a s  taken i n  the  generation of  the  landing gear t i r e  
braking and s ide  (cornering) force  coef f ic ien ts .  These coe f f i c i en t s  a r e  func- 
t ions  of  runway surface, speed, t i r e  pressure,  t i r e  temperature, t i r e  s i ze ,  
t i r e  t read,  e tc . ,  as evidenced i n  references 19 t o  25. 

A s  mentioned i n  the  discussion of the  accelerate-s top t e s t s ,  an average 
e f f ec t ive  value of 0.28 w a s  used f o r  the  d ry  runway braking coe f f i c i en t  where 
the  braking force  w a s  equal t o  the  product of t he  coe f f i c i en t  and the  v e r t i c a l  
load on the t i r e  (Fg), o r  

braking force  = pbFg 
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Maximum p,b 
holding them in this position, simulating an automatic braking system. 
airplane actually had a thumper modulated antiskid system to guide the pilot's 
braking pressure. 
automatically modulated brake systems to provide near maximum braking effi- 
ciency, no attempt was made to install and simulate thumpers in the simulator. 

is obtained by the pilot fully depressing the toe brakes and 
The 

Since most advanced aircraft to be researched will have 

Fs sin 8 

8 

Critical tracking 
angle =0.152rad 

Gear tracking angle, h r a d i a n r  

The sketch above illustrates the method of generating cornering forces. 
Shown is a top view of a wheel with its plane of rotation at an angle, 6, with 
the direction of motion. Due to the tracking angle 6, there is generated a 
cornering force Fs parallel to the axle which can be resolved into components 
Fs cos 6, a side force perpendicular to the direction of motion, and Fs sin 6, 
a drag force opposing the forward motion. The side force, Fs cos 6, is repre- 
sented in the simulator equations by 

side force = Fs cos 6 A Fs = 

The simplifying assumption that cos 6 equals unity restricts the use of the 
equations to programs where the steering angle will always be reasonably small 
(e.g., 6 < 0.25 radian). The simulator maximum ps of 0.5 is reached when 
the critical tracking angle of 0.152 radian (8.70) is exceeded. This critical 
tracking angle actually depends on t i re ,  runway surface, and speed, and can be 
as high as 0.35 radian ( 2 0 O )  as shown in reference 20. 
ponent Fs sin 6 was not included in the simulation. 

The decelerating com- 

TAIL STRIKE CIRCUIT 

In order to simulate the pitch attitude restriction imposed by the tail 
contacting the runway surface, a nose-down pitching moment was provided 
through a high-gain feedback when the tail clearance reached zero. This was 
the analog equivalent to placing a strong spring under the tail. The gain or 
spring constant was determined by experimenting with several values and choos- 
ing one which did not excite an unstable oscillation. This simplified repre- 
sentation provided only the pitching moment but not the vertical and 

,longitudinal forces that would normally accompany a tail strike. 
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CONTROL SYSTEMS AND ENGINE RESPONSE 

-tIT First-order systems, output = input (1 - E ), were used to represent 
engine and rudder responses during dynamic minimum control speed tests. Time 
constants T of 1.8 and 0.5 sec were assumed for the engines and rudder sys- 
tem, respectively. 
response. 

All other control systems were simulated with instantaneous 

In addition, the thrust lapse with increasing speed was accounted for by 
a linear approximation. 
the thrust lapse term when engines were reduced to idle, the term KV 
dix B) was switched to zero when thrust was reduced below a value 50 percent 
greater than idle. 

In order to avoid a decelerating force 'resulting from 
(appen- 

DATA ACQUISITION 

In addition to the 16 channels of analog recording capability, simple 
track-and-store circuits (each comprised of an integrator wired as a voltage 
follower plus an electronic comparator relay to switch off the input at the 
appropriate time) were utilized to provide a precise direct readout of the 
speed at lift-off of nose and main wheels without need for interrupting the 
takeoffs . 

COMPUTER COMPONENT REQUIREMENTS 

Computation equipment requirements for the program described in this 
document were as follows (in approximate quantities) : 

Integrating amplifiers . . . . . . . . . . . . . . . .  20 
Potentiometers . . . . . . . . . . . . . . . . . . . .  175 

Electronic &tipliers . . . . . . . . . . . . . . . .  12 
Comparators (relays) . . . . . . . . . . . . . . . . .  12 
Function generators . . . . . . . . . . . . . . . . .  4 
Resolvers . . . . . . . . . . . . . . . . . . . . . .  2 

Summing and inverting amplifiers . . . . . . . . . . .  110 
Servo-multipliers (5 cups each) . . . . . . . . . . .  5 

23 
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APPENDIX B 

EQUATIONS OF MOTION 
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Side accelerat ion:  

" y =  2 m  

Ver t i ca l  accelerat ion:  

1 1 1 
g s i n  cp + - pv2s (cyPP + CY6r6r) - - T j 3 + -  1 -~s~ ,~6ngFng + m IJ 6mg(F~ + FR) 

s6mg 

E u l e r  angles: 

aZ 
V ( b = ~ + r a - - @ + + ~ y ~  V > O  

Angle of a t tack :  
"2 

V 

Y a 

V 

& = - + q - p p p  J v > o  

b = - - r + p ,  V > O  

Angle of s ides l ip :  

Heading: 

+i = 9w - P + CLCP 

Pi t ch  a t t i t u d e :  

Translat ions : 

s = v  
$p = v s i n  qW + Zpr + 2 9 qcp 

h = vy 

hp = h + ZPB + ho 
P 

Rudder def lec t ion :  

- 6.J 
1 

( command ir = - 
Tr 
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T a i l  clearance: 

h t c  = h - I t 0  + hot 

Thrust (each engine) : 

- KV - Tn) 1 Tn = - -re (Tns ta t i c  n=engines 1, 2, 3, and 4 
KV=O when T, < 1.5 T i a e  

Gear t racking angles ( r e s t r i c t e d  t o  zero crosswind case) : 
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APPENDIX c 

PROBLEM SCALING LIMITS 

5, . . . . . . . .  k0.5 radian/sec2 

p, . . . . . . . .  k0.5 r d i a n / s e c  

4, . . . . . . . .  k0.5 radian/sec2 

q, . . . . . . . .  k0.5 radian/sec 

i., . . . . . . . .  20.5 r d i a n / s e c 2  

r, . . . . . . . .  20.5 radian/sec 

ax, . . . . . . . .  k50 f t / sec2  

V, . . . . . . . .  +400 f t / s e c  

ay ,  . . . . . . .  +ZOO f t / sec2  

az, . . . . . . .  +LOO f t / sec2  

8, 
P ,  

e ,  . . 
s ,  . . 
Yp’ 

5 ,  . . 
h, . . 

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

. . . . . .  

20. 33 r d i a n / s e c  

k0.33 radian 

20.5 radian 

+50,000 f t  

+2500 f t  

+loo f t / s e c  

2100 f t ,  k4000 ft  

k4000 f t  

+400,000 lb 

+5O,OOO lb 

ing, iLi iR,  . . +lo  f t / s e c  sng, . . . . . . .  k0.5 radian 

Zng,ZL,ZR, . +lo f t  Em, . . . . . . .  k0.2 radian 

+, . . . . . . . .  k0.5 r d i a n / s e c  T, . . . . . . . .  k200,OOO lb 

y ,  . . . . . . . . .  k0.5 radian iH, . . . . . . .  k0.5 radian 

+, . . . . . . . .  k1.0 radian/sec 6,, . . . . . . .  k0.5 radian 

cp, . . . . . . . .  k0.5 radian 6,, . . . . . . .  kO.5 radian 

9, . . . . . . . .  k1.0 radian EF, . . . . . . .  +1.0 radian 

i, . . . . . . . .  k1.0 radian/sec 6i-j . . . . . . .  +O. 5 radian 

&, . . . . . . . .  k0.5 r&ian/sec pL,pR, . + l a 0 0  

a ,  . . . . . . . .  k0.5 radian 
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APPENDIX D 

SIMULATION NOTES 

COCKPIT MOTION REQUIREMENTS 

There i s  reasonable evidence t h a t  p i l o t  opinions and r a t ings  on handling 
q u a l i t i e s  obtained i n  fixed-base s imulators  are, f o r  some maneuvers, conser- 
vative; t he  a i rp l ane  can be expected t o  handle more s a t i s f a c t o r i l y  than t h e  
simulator.  This i s  a t t r i b u t e d  by some t o  the  f a c t  t h a t  l ead  terms which are 
normally provided by t h e  p i l o t  i n  response t o  motion cues must be  generated by 
the  p i l o t  on the  b a s i s  of observed instrument ind ica t ions  and v i sua l  scene 
observations,  coupled with h i s  experience. 
re inforced o s c i l l a t i o n s  due t o  acce lera t ions  a t  the  cockpit  would severe ly  
degrade handling q u a l i t i e s  i n  a c t u a l  f l i g h t ,  f ixed-base simulator results may 
be inva l id .  

I n  cases where p i l o t  induced and/or 

The impression i s  not  meant t o  be given t h a t  l a r g e  amounts of cockpit  
motion a r e  required f o r  takeoff a i rworthiness  s tud ies .  A f ixed-cockpit  simu- 
l a t o r  w i l l  s u f f i c e  f o r  most work. La te ra l  or s ide  motion would permit real-  
i s t i c  engine f a i l u r e  cues and,if  combined with cab roll motion and washout 
c i r c u i t r y ,  could poss ib ly  provide l a t e r a l - d i r e c t i o n a l  o s c i l l a t i o n  realism. 
Next, i n  order of value t o  takeoff simulation, would be v e r t i c a l  cab motion 
and cab p i t c h  motion. However, t he  a c t u a l  motions the  p i l o t  f e e l s  during t h e  
takeoff  are the  low amplitude o s c i l l a t i o n s  and jolts, of the  order  of 1-6 cps 
( p a r t i c u l a r l y  i n  the  lateral  and v e r t i c a l  d i r e c t i o n s ) ,  due t o  a i r c r a f t  s t ruc -  
t u r a l  modes dr iven  by runway roughness inputs  during takeoff roll, s t a l l  buffet  
during l i f t - o f f  a t  VMU, and by rough a i r  and geometry changes (gear  r e t r a c -  
t ions ,  e t c . )  during climb, and, of course, by the  i n i t i a l  responses t o  p i l o t  
applied cont ro l  inputs .  These, i n  a l l  l ike l ihood,  could be provided adequately 
with very l imi t ed  displacements t h a t  reproduce only t he  i n i t i a l  acce le ra t ion  
cues. 

Discussions of cockpit  motion may be found i n  references 3, 4, 5, 26, 27, 
28, 29, and 30. 

PNEUMATIC "MOTION" SEXT 

During the takeoff  roll i n  a fixed-cockpit  simulator there  is ,  qu i t e  
na tura l ly ,  no f e e l i n g  of the  building-up of speed as would be experienced i n  
the  airplane.  This i s  due t o  the  absence of any motion and the  l ack  of out-  
s i d e  world near-visual  and per iphera l  f i e l d s  of view. However, some subs t i t u -  
t i o n  w a s  provided by the  p i l o t ' s  pneumatic s e a t  cushion being pulsed t o  
simulate the  a i r c r a f t  r o l l i n g  over the 25-foot-spaced tar runway d iv ider  
s t r i p s .  
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During operation in the near-stall region a stall-buffet pulsation was 
put into the seat cushion. 
of attack) to warn the pilot of impending stall contributed significantly to 
the realism during some of the more critical maneuvers, such as determination 
of the air minimum control speeds and minimum unstick speed. 

This along with a stick shaker (triggered by angle 

Reference 5 describes the use of pneumatic seat techntques by another 
experimenter. 

OUTSIDE WORLD VISUAL SYSTEM 

Visual systems designed for operational flight trainers generally do not 
possess the degrees of accuracy, response, and smoothness required for simula- 
tion of takeoff certification maneuvers. 

The importance of a high degree of fidelity in the TV camera lateral and 
heading drive system became apparent early in the simulation. Sluggish 
response and deadband caused the pilot to overcontrol directionally while on 
the takeoff r o l l .  

Care must be taken that traditional methods for checking linear servo- 
system performance, such as amplitude versus frequency and phase angle versus 
frequency, are not the sole criteria of acceptability. The practical approach 
is to observe the camera drive in operation, watching for lack of smoothness, 
especially at low rates. 

Some visual system requirements for takeoff certification work are: 

1. Accurate responsive camera motion drives, especially at low 
commanded rates, for prompt determination of engine failure without 
ambiguity. The camera drive must be "tight," having very little 
deadband or hysteresis. 

2 .  A wide runway (300 feet) presentation with a well-defined center 
line and divider strips, preferably at 25-foot intervals, parallel to, 
and perpendicular to the center line. The lines parallel to the center 
line permit the pilot to estimate lateral deviations and the strips pro- 
vide forward speed cues. 

3. Accurate runway positioning so the pilot is able to use runway 
"distance remaining" markers as an indicator of location, and so that 
the end of the runway appears at the correct location. 

In general, the quality of visual scene image required for takeoff is not 
so great as that required for studies involving landing approach and flare. 
However, there is the desirability of providing peripheral visual cues -- near- 
visual-field information for VMU tests, far-field cues (horizon) for VMCA 
studies, and both for continuous take-off. 

L 
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COCKPIT SOUND S m T I O N  

A simple engine noise generator was installed and consisted of "white 
noise" plus a single frequency to represent engine "whine," both modulated in 
intensity according to the total thrust level. 

Cockpit instrumentation provided the same 400 cps "whine" characteristic 
as the actual aircraft instruments which utilize 400 cps alternating current. 

NONPILOTED PERFORMANCE RUNS 

Much of the simulator performance was documented using the computer only. 
Typical of this procedure was the check of deceleration performance after a 
rejected takeoff. 
recognition and reaction times taken from actual flight tests. Suitably 
biased comparator relays were used to make the engine fail at the desired 
speed, to cut remaining power, and to extend spoilers and apply brakes in 
rapid succession and with accurate timing. 

Nonpiloted runs were made (fig. 16) using average pilot 

INSTRUMENTATION NOTES 

Care was taken to bias all annunciator and warning flags on primary 
flight instruments to the proper positions to avoid the possible consequences 
of a pilot becoming simulator conditioned (unintentionally, of course) to 
ignore the warning flag and later "chasing" an inoperative ILS needle or flight 
director during actual flight. 
was not in use the "OFF" flag would indicate the fact. 

For example, when the ILS glide slope needle 
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APPENDIX E 

DYNAMIC EFFXCTS ON MLNIMJM UNSTICK SPEED 

BACKGROUND 

The determination of V,, 
runway i n  the  t a x i  a t t i t u d e  u n t i l  sho r t ly  after 
t r o l  i s  pul led f u l l  back and held u n t i l  the  a i r c r a f t  begins t o  ro t a t e .  
t o r  pressure i s  then relaxed t o  maintain the  t a i l  clearance corresponding t o  
the angle of a t t ack  f o r  
provide l i f t  g rea t e r  than weight, l i f t - o f f  w i l l  occur and i s  recorded. 

speed i s  accomplished by acce lera t ing  down the  

Eleva- 
Vltest ,  when the  elevator  con- 

C h .  When s u f f i c i e n t  speed has been a t t a ined  t o  

VMU 

Airc ra f t  which, due t o  t h e i r  geometrical shape, cannot be ro t a t ed  t o  an 
angle of a t tack 'corresponding t o  C L ~  
runway are said t o  be geometry l imited.  Several  subsonic j e t  t ranspor t s  a r e  
so limited and were required (during c e r t i f i c a t i o n )  t o  demonstrate a geometry 
l imi ted  takeoff wherein the  a i rp lane  w a s  ea r ly  ro ta ted  t o  the  maximum possible  
angle of a t t ack  (by allowing the  t a i l  t o  s t r i k e  and drag the  ground) u n t i l  
s u f f i c i e n t  speed w a s  a t t a ined  t o  permit l i f t - o f f .  If the  a i r c r a f t  i s  not geom- 
e t r y  l imited,  considerable p i l o t  technique is  required t o  r o t a t e  t o  and hold 
the  proper t a i l  clearance, espec ia l ly  at  high thrust-to-weight r a t i o s  where 
l i f t - o f f  occurs almost simultaneously with rotat ion.  A t  t he  low T/W associ-  
a ted  with Vm f o r  three  engines, more t i m e  i s  ava i lab le  between ro t a t ion  and 
l i f t - o f f  t o  ad jus t  t a i l  clearance. Neither the v i sua l  scene nor the  a t t i t u d e  
ind ica tor  provided the  sens i t i ve  cues required f o r  p rec i se ly  holding p i t c h  
a t t i t u d e  and so a t a i l  clearance ind ica tor  ( f i g .  3) ,  ind ica t ing  from 5 f e e t  t o  
zero (tail. contact) ,  w a s  provided and used as i n  the ac tua l  f l i g h t  t e s t s .  

with the  main wheels s t i l l  on the  

DYNAMIC EFFECTS 

Dynamic e f f ec t s  associated with rapid elevator  input  a t  c e r t a i n  speeds 

These 
can induce r o t a t i o n  and l i f t - o f f  below Vm. (Conventional VM, i s  obtained 
using a s teady-state  e leva tor  input  u n t i l  the  a i rp lane  i s  ro t a t ing . )  
dynamic e f f e c t s  are known t o  e x i s t  on several  subsonic j e t  t ranspor t s  and are 
a t t r i b u t e d  t o  such terms as Cm4, Cm, C L ~ ,  and CL;. 

Wind-tunnel results from pi tching and o s c i l l a t i n g  model tests y i e l d  t h e  
combined effects of p i t c h  rate q and angle-of-attack ra te  6,. Before these 
values are in se r t ed  i n t o  t h e  simulator computer it i s  des i r ab le  t o  determine 
t h e  r e l a t i v e  proportionsdue t o  q and t o  &. Estimates from aerodynamicists 
ranged from 12:l t o  3:l, q being t h e  l a rge r .  The present simulation neglected 
C b .  The f i g u r e  below shows t h e  results of a series of simulator takeoffs  both 
p i l o t e d  and computer-only involving s t e p  inputs  of fu l l  elevator  at progres- 
s ive ly  higher speeds and serves t o  i l lus t ra te  t h e  type of de t a i l ed  research 
which may be accomplished. 



If full 
lifts off at 
A and B, the 
off a second 
B and C, the 
lifts off at 

DC-8 Simu lot ion: 
Response to  step input of " fu l l  u w  
elevator at various rotat ion soeeds 

150 - i,=6.2" ANU, Gross wt = 300,00OIb, 
c.g.=19% F,8~,=25",  T-D =0.03* 

Main gear l i f t  off, 
W 

\ 

8, 140 - 
a, Note that the simulated 

/ aircraft can be lifted off the 
ground more than 4 knots 
slower by abruptly rotating 

a in 

c + 

c 7 
?E 130 -ot 134 knofs. 

- in a, V N o s e  geor l i f t  of f  

Kc 120 - 
61" 

+o 

._ 0 
0.5 5 5 / O X  - 

0 g <  

100 L I I I I I I FE 

- 0  
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I lo - Notes: 
I. Crosshatched areas indicate uncertain l i f t  off. 
2. - -0.5 5 I Verif ied by piloted simulotor data. 

.- 

100 I IO I20 I30 I40 I50 160 3 z  
Speed a t  elevator input, V, knots 

*Second segment 

elevator is abruptly applied at any speed below 
127 knots and the main gear at a VMU of 142 knots; if between 
nose wheel lifts off immediately, and then settles back to lift 
time. If the rotation input is initiated at any speed between 
nose wheel lifts off almost immediately, but the main gear still 
142 knots; however, if the control column is snapped back at 

A, the nose gear 

speeds between C and D, the nose wheel lifts off the runway within one knot 
later and the main wheels lift off a few knots below the 142 knot 
same characteristics were demonstrated in the airplane. 

Vm. These 

Note that the bucket-shaped area formed in the curves covers a very 
narrow rotation speed range and a good portion involves momentary or uncertain 
lift-off. Even if lift-off is successful at speeds below VMU the aircraft 
may not be capable of accelerating and climbing out of ground effect within 
the field length available. 

Future programs could well utilize the simulator to study the relative 
contributions of the various dynamic terms as a function of piloting technique. 
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A-32752-5. 3 Figure 1.- Pilot's view of instrument display and runway in takeoff simulator. W 
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Figure 2.- One of the general purpose analog computers and the recording facilities utilized 
in takeoff simulation study. 
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Figure 3.- View of visual  simulator showing servo-driven TV camera and model runway. 
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Figure 4.- Three-view drawing of test airplane. 
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Figure 5.- Presence of ground plane influence on aerodynamic lift and 
pitching moment. 
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Figure 6. - Comparison of longitudinal accelerations in taxi attitude 
for simulator and flight test takeoffs; gross weight = 3OO,OOO lb; 
JTbA-3 engines at takeoff thrust. 
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Figure 7.- Comparison of times from rotation initiation to lift-off for 
flight test and simulator takeoffs. 

I .3 

I .2 
w 
4 

>* 

‘3 
\ 

> 
LL 

1 . 1  

I .o 
6 

0 

I I I I T-D Flt.test Simulator W .. I 
0.03 0 ‘///// I 0.08-0.10 A A 

1 

I 

8 IO 12 14 
Pitch attitude at l i f t -o f f ,  deg 
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and simulator takeoffs;  gross weight = 3OO,OOO lb;  gear extended; out  
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Figure 20.- Example of analog circuit for computation of landing-gear-reaction normal force.  
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